The one-dimensional charge density distribution along an electrically biased Fe atom probe needle is measured using a model-independent approach based on off-axis electron holography in the transmission electron microscope. Both the mean inner potential and the magnetic contribution to the phase shift are subtracted by taking differences between electron-optical phase images recorded with different voltages applied to the needle. The measured one-dimensional charge density distribution along the needle is compared with a similar result obtained using model-based fitting of the phase shift surrounding the needle. On the assumption of cylindrical symmetry, it is then used to infer the three-dimensional electric field and electrostatic potential around the needle with $10 nm spatial resolution, without needing to consider either the influence of the perturbed reference wave or the extension of the projected potential outside the field of view of the electron hologram. The present study illustrates how a model-independent approach can be used to measure local variations in charge density in a material using electron holography in the presence of additional contributions to the phase, such as those arising from changes in mean inner potential and specimen thickness. 
I. INTRODUCTION
The ability to measure local variations in charge density, electric field, and electrostatic potential in nanoscale materials and devices, such as doped semiconductors [1] [2] [3] [4] and nanoscale field emitters, [5] [6] [7] [8] in the transmission electron microscope (TEM) is important for understanding the relationship between internal microstructure, chemistry, defects, and functional properties.
Here, we show how the TEM technique of off-axis electron holography can be used to quantify the charge density distribution in an Fe needle that was prepared for examination using atom probe tomography (APT). The latter technique involves the atom-by-atom field evaporation of a material by an applied voltage, in order to provide a timeof-flight mass spectrum and the position of each atom in the tip. 9, 10 Although the influence of the shape, crystallography and chemical composition of an APT needle on ion trajectories 11 can be simulated numerically 12 and models of the dielectric properties of embedded nanoparticles can be fitted to experimental measurements, 13 the development of a technique that can be used to measure the electric field around such a needle, or equivalently the charge distribution within it, promises to provide a more direct method for minimising artefacts in the reconstructed volume. 10 Off-axis electron holography provides direct access to the phase shift 
of the high-energy electron wave that has passed through an electron-transparent specimen in the TEM. In Eq. (1), C E is a constant that depends on the microscope accelerating voltage and takes a value of 6.53 Â 10 6 rad V À1 m À1 at 300 kV, while V and A z are the electrostatic potential and the component of the magnetic vector potential in the electron beam direction z, respectively. [14] [15] [16] Recently, Beleggia et al. 17 showed that the magnitude and direction of the electric field around the tip of an electrically biased ellipsoidal metallic needle can be measured by fitting simulations based on theoretical models for the charge density distribution along the needle to electron holographic phase images or Lorentz micrographs. Here, we use a modelindependent approach 18 to determine the charge density distribution along an electrically biased Fe APT needle directly from recorded phase images. A key advantage of the present approach, which is based on integration of the Laplacian of the phase or, equivalently, contour integration of the gradient of the phase, is that it is insensitive to perturbation of the vacuum reference wave used to generate the hologram by the electromagnetic field of the specimen itself, 19 so long as the region from which the reference wave is obtained is itself charge-free. [20] [21] [22] However, in the past, it has suffered from an important limitation resulting from the effect of the mean inner potential contribution to the phase shift on the measured charge density distribution. 23 We show that this limitation can be overcome by analysing the difference between electron holographic phase images acquired with different voltages applied to the specimen. 24 We compare our results with model-based fitting of an analytical simulation to the measured phase difference outside the same needle, 17, 25 which requires the perturbed reference wave to be taken into account. We find that the projected charge density within the needle is almost constant along its length, with the modelindependent approach providing evidence for the presence of charge accumulation at the tip of the needle. On the assumption of cylindrical symmetry (which is supported by the acquisition of a tilt series of electron holograms), the measured charge density distribution is used to infer the threedimensional electric field and electrostatic potential around the end of the needle, without needing to consider either the influence of the perturbed reference wave or the extension of the projected potential outside the field of view of the electron hologram. Our results provide a step towards developing an approach that could be used to measure the electric field around a needle-shaped specimen during an APT experiment. 26 They are also relevant for the interpretation of similar results obtained from needle-shaped specimens using other phase contrast techniques, including in-line electron holography, [27] [28] [29] ptychography, 30 diffractive imaging and differential phase contrast microscopy. 31 
II. EXPERIMENTAL DETAILS
High-purity powders of Fe and Y 2 O 3 with a target composition of Fe-0.3 wt. % Y 2 O 3 (Alfa Aesar, Johnson Matthey group, London) were mechanically alloyed by ball milling in an Ar atmosphere for 4 h at 1000 rpm with a ball to powder ratio of 10:1. The mechanically alloyed powder was consolidated by hot extrusion at 1050 C, annealed at 950 C for 2 h, and air-cooled. 0.5-mm-thick disks were cut from the resulting 12-mm-diameter rod. Matchsticks with square cross-sections were cut from these disks. Needles with tip radii of 50-100 nm were then produced by electropolishing in two stages: first by using 25% perchloric acid in 75% acetic acid and then by using 2% perchloric acid in methanol. 9 A single Fe APT needle containing Y 2 O 3 particles was examined under an applied electrical bias using a scanning tunnelling microscopy (STM)-TEM specimen holder from Nanofactory Instruments 32 in an FEI Titan 80-300 TEM operated at 300 kV. The needle was mounted on the fixed side of the holder, while an electrochemically sharpened counter-electrode made from 0.25-mm-diameter W wire that had been etched in a solution of KOH to an apex radius of approximately 50-100 nm was placed on the moveable side. The counter-electrode was initially brought into contact with the needle to ensure that they were at the same height. The distance between the electrodes was then set to approximately 1 lm, as shown in Fig. 1 .
Off-axis electron holograms of the end of the needle were acquired using 8 s exposure times with an interference fringe spacing of 3.4 nm (7.3 pixels), resulting in a spatial resolution in reconstructed phase images of approximately 10 nm. Holograms were recorded from the area shown in Fig. 1(b) at different specimen tilt angles over a range of
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(with the tilt axis parallel to the axis of the needle), with 6 different voltages of 0, 5, 10, 20, 30, and 40 V applied between the needle and the counter-electrode. A representative electron hologram is shown in the supplementary material. 33 Vacuum reference electron holograms were recorded from a region of vacuum far from the needle. Reconstruction of holograms was carried out using a standard fast Fourier-transformbased method. 34 Subtraction of the mean inner potential and magnetic contribution to the phase was achieved by using the object wave recorded at 0 V bias as a reference wave for holograms acquired at all other voltages. No further processing, smoothing, or interpolation of the resulting phase images was performed before making measurements of the projected charge density in the needle.
III. MEASUREMENT OF CHARGE DENSITY

A. Model-independent approach
Model-independent measurement of the charge Q, projected in the electron beam direction, from a recorded electron-optical phase image, can be performed by contour integration of the phase gradient according to the expression
where 0 is the permittivity of free space, r is a twodimensional vector in the plane of the image, and n is the outward normal vector to a section s of the integration contour C. 18, 23 In the analysis presented below, we used rectangular integration contours aligned parallel to x and y to integrate the y and x components of the phase gradient, respectively. Evaluation of phase derivatives was performed directly from complex image waves without phase unwrapping.
The primary advantages of the model-independent approach for measuring the total charge within an integration contour are that it is applicable to specimens of arbitrary geometry, requires only a basic knowledge of the likely positions of the charged objects within the field of view and, according to Eq. (2), is insensitive to the perturbed reference wave so long as it does not itself enclose any charge. The primary disadvantage of the model-independent approach is that, for a specimen whose thickness and/or composition changes across the field of view, such as an APT needle, the measured charge distribution can be affected by the mean inner potential contribution to the recorded phase shift, as a result of the presence of effective local dipoles on the specimen surface. 35 (If the needle had a constant specimen thickness profile along its length, then the use of the model-independent approach to measure the charge density along its length would not be influenced by the mean inner potential, as each contour integral would contain zero net charge arising from the effective surface dipoles. It is precisely because a needle has a changing specimen thickness profile that the effective surface dipoles do not cancel each other out in each contour integral, apart from special situations, such as when the contour encloses the entire object). Local changes in dynamical diffraction can also introduce artefacts for a similar reason.
In order to illustrate the nature of this problem, Fig. 2 shows a simulated phase image of a needle-shaped specimen that has an ellipsoidal three-dimensional shape and a constant charge density of r ¼ 1:37 e=nm along its length (see below). The mean inner potential contribution to the phase is localised inside the needle, while the charge is responsible for an additional variation in phase both inside and outside its edge. The cumulative (integrated) charge along the needle was measured, using the approach described by Eq. (2), by shrinking the indicated integration contour in the direction marked by an arrow. In the graph shown in Fig. 2 , the red line shows the input cumulative charge along the needle, while the black profile shows the result of applying Eq. (2) to measure the cumulative charge along the needle from the simulated phase image, including the contribution from the mean inner potential. The black profile shows a significant step at the edge of the specimen and a strong discrepancy with respect to the input charge profile, highlighting the fact that for the present specimen subtraction of the mean inner potential contribution to the phase is essential for successful measurement of the charge using the model-independent contour integration method. A further issue is that, as the approach makes use of contour integration of the phase gradient, it is very sensitive to noise. Smoothing or averaging approaches can be used, but can result in degradation of resolution and artefacts. This point and other artefacts associated with the mean inner potential and magnetic contributions to the phase are discussed in the supplementary material.
B. Model-based approach
Model-based measurement of the charge density in the APT needle was performed by fitting the part of the recorded phase image that lies outside the boundary of the needle to a simulated phase image, which was generated by approximating the needle by a line of constant charge density, 18 for which an analytical solution for the phase shift takes the form where 2c is the length of the line charge, r is the charge density, x and y are in-plane coordinates, and 2 h is the distance between the electrodes, 22, 25 as shown schematically in Fig. 3 . A best-fitting model to a chosen experimental phase image was obtained by fitting the parameters c, h, and r.
The linear charge density profile described by Eq. (3) was chosen because it results in ellipsoidal equipotential contours surrounding the line charge that inherently resemble the surface of the needle, 25, [36] [37] [38] [39] which is itself expected to be approximately ellipsoidal in the present study. As the model-based approach is applied to the region of the phase image that lies outside the object, it is insensitive to the mean inner potential contribution to the phase.
An important limitation of the model-based approach is that it requires a priori knowledge of the morphology and likely charge distribution in the specimen. It is also affected by perturbation of the vacuum reference wave, 20, 21 as a result of the fact that an off-axis electron hologram is formed by overlapping a specimen electron wave with a reference wave that is affected by phase modulations associated with the electromagnetic field of the specimen itself. Here, the perturbed reference wave was taken into account in the model by rewriting the total phase shift / T in the form
where / is defined in Eq. (3), x BP is the distance between the object and reference waves (used here as an additional fitting parameter) and the biprism is assumed to be parallel to the y axis.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Both the model-independent and the model-based approach were used to determine the charge density in the Fe needle shown in Fig. 1 . Figure 4(a) shows the cosine of an as-acquired phase image, in which the contributions to the phase from the mean inner potential, the applied bias and the magnetic field are all still present.
For the model-independent approach, the mean inner potential and magnetic contributions to the phase were subtracted by taking the difference between two phase images recorded at different applied bias voltages (e.g., 0 and 5 V). This procedure also resulted in subtraction of the contribution to the perturbed reference wave from the magnetic field of the needle. Contour integration was then applied to the image shown in Fig. 4(b) . As imprecise subtraction of images would influence the measured charge density, all phase images were aligned with sub-pixel precision and no evidence of misalignment artefacts was observed. Any effects of dynamical diffraction and Fresnel fringes are assumed to be unchanged between successive images and to cancel out when pairs of phase images are acquired at different bias voltages and subtracted from each other.
The results of applying the model-based approach to obtain a best-fitting simulation outside the needle to the phase image in Fig. 4(b) are shown in Figs. 4(c) and 4(d), before and after taking the perturbed reference wave into account using Eq. (4), respectively. The perturbed reference wave results in slight asymmetry in the contours in Fig. 4(d) , similar to that in the experimental phase contours in Fig.  4(b) . Although the effect is not very pronounced in the present measurement, its inclusion improves the goodness of fit (R 2 ) from 0.9992 to 0.9995. Figure 5 shows a comparison of the cumulative charge profiles measured using the two methods. The black curve in Fig. 5(a) was obtained using the model-independent approach by changing the size of the red contour in the direction denoted by the red arrow in Fig. 5(b) . The total amount of charge can be seen to increase on going inside the needle and, as expected, there is no charge measured outside the needle (between approximately 210 and 220 nm in the graph).
The red line, which was obtained using the modelbased approach by fitting the phase outside the needle, agrees quantitatively with that determined using the modelindependent approach across most of the graph. However, the two approaches show a discrepancy in the apex region of the needle, where the model-based fit (the red line) extends outside the needle (between 210 and 215 nm), while the profile determined using the model-independent approach shows charge accumulation (i.e., the black curve has a steeper slope than the red line between approximately 195 and 210 nm). The charge accumulation at the apex most probably results from the deviation of the apex shape from an ellipsoid. The discrepancy between the two cumulative charge profiles in Fig. 5(a) indicates that the constant charge density assumed in the model-based approach is not sufficiently accurate in the apex region. Based on the model-independent cumulative charge profile, we defined three regions that have the following charge densities: $0.94 e À /nm in the shank of the needle (green); $1.52 e À / nm in the middle section (blue); and $2.45 e À /nm at the apex of the needle (orange).
Similar cumulative charge profiles were also measured in the perpendicular direction (across the needle), as shown in Fig. 5(c) . The result of applying the model-independent approach, which is shown in black, was obtained by shrinking the integration contour shown in cyan in Fig. 5(b) in the direction of the arrow. The cumulative charge profile obtained from the model-based approach used to fit the phase outside the needle is shown in cyan in Fig. 5(c) . Both methods provide consistent values for the total charge across the tip. The detailed shape of the profile obtained using the model-independent approach is difficult to interpret due to poor signal to noise, which results from the thickness of the shank of the needle in this region and the small size of the integration contour. (Such problems can be tackled in a future study by using either cumulative acquisition of electron holograms or phase-shifting electron holography). Nevertheless, it can be seen that, as expected, the charge in the needle is not concentrated on the axis of the needle, as assumed in the model-based approach, in which the charge distribution is only used to describe the field outside the needle.
In order to obtain confidence in the results, similar cumulative charge profiles were measured from electron holograms acquired at different specimen tilt angles in the range 645 (limited by the tilt range of the STM-TEM specimen holder). The reconstructed amplitude and phase images showed that the needle and the field surrounding it are very close to being cylindrically symmetrical (see supplementary material). A selection of the resulting charge profiles measured along the needle is shown in Fig. 6 for specimen tilt angles of À43 , þ5 , þ25 , and þ43 . The profiles are consistent with each other to within experimental error, also indicating that subtraction of the mean inner potential contribution to the phase was not affected by slight changes in diffraction contrast between holograms acquired at different specimen tilt angles. For a noncylindrically symmetrical object, a similar approach could, in principle, be used to measure the three-dimensional charge distribution in the specimen. It should be noted that a detailed mathematical discussion of the influence of phase noise on the measured charge density is outside the scope of the present paper. Instead, we have restricted ourselves to showing line profiles in Figs. 5(a) , 5(c), and 6, which illustrate the uncertainty in the measured cumulative charge density visually.
Since the phase shift resulting from the electrostatic potential satisfies the projection requirement for electron tomography, backprojection-based or model-based reconstruction algorithms can be used to reconstruct the threedimensional electrostatic potential distribution within and around a specimen. 2, 3, 40 In the present study, limitations in the available specimen tilt range to 645 would be likely to result in pronounced artefacts in such a reconstruction. 41 Here, on the assumption of cylindrical symmetry (see Sec. III), we inferred the three-dimensional distributions of electrostatic potential and electric field around the needle from the three charge density distributions indicated in Fig.  5(a) . This approach overcomes the influence of the perturbed reference wave on the recorded phase, as well as the fact that the projected potential extends outside the field of view of the recorded electron hologram.
Our calculation makes use of the fact that the electrostatic potential V associated with a line charge of constant charge density r can be written in the form 25 V x; y; z; r; c; h
Our model then corresponds to a representation of the needle using three superimposed line charges that are centred on the same point, with the longest line corresponding to a charge density of one sign and the other two lines corresponding to charge densities of opposite sign, as shown in Fig. 7 . The total electrostatic potential, which is a superposition of the potentials of the three segments (A, B, C) (see Fig. 7 ) corresponding to charge densities r 1 , r 2 , and r 3 (see Fig. 5(a) ), is then FIG. 6 . Charge profile along the atom probe needle (as in Fig. 5(a) ) measured using the model-independent approach for different specimen tilt angles about the needle axis (see legend). V T ðx; y; zÞ ¼ Vðx; y; z; r 1 ; c A ; h 0 Þ þVðx; y; z; r 2 À r 1 ; c B ; h 0 Þ þVðx; y; z; r 3 À r 2 ; c C ; h 0 Þ;
where c A ¼ c 0 and h 0 are parameters determined by fitting to the experimental phase image (see above), and 2c B and 2c C are the lengths of segments B and C in Fig. 7 obtained from the model-independent approach. Figure 8 (a) shows a central slice taken through the resulting three-dimensional electrostatic potential and electric field distributions in the plane z ¼ 0, while Fig. 8(b) shows profiles extracted from the three-dimensional electrostatic potential along the lines shown in Fig. 8(a) . The profiles show the magnitude of the electrostatic potential inferred from the measured charge density distribution along the needle. When three superimposed charge densities are used ( Fig. 8(a) ), the equipotential contours lie close to the surface of the needle, as expected for a metallic object, with slight residual deviations of the contours from the needle's surface resulting from the fact that the needle is not a perfect ellipsoid. The electric field shown in Fig. 8(a) is fully quantitative and can be used to determine a parameter such as a field enhancement factor using an approach that is described elsewhere. 17 It should be noted that the electric field is determined from the measured charge density distribution and not directly from phase images, which would be affected by the electron holographic perturbed reference wave. Similarly, the electrostatic potential measurements shown in Figs. 8(a) and 8(b) are fully quantitative and are shown in the form of sections or line profiles through three-dimensional space and not projections. A comparison of this reconstruction with results obtained using other models discussed in this paper is presented in the supplementary material. Interestingly, the reconstructed electric field is found to be relatively insensitive to the charge distribution outside the field of view, which can be varied by changing the parameter c 0 that represents the total length of the needle, as shown in the form of simulations in the supplementary material.
The model-independent approach that we use provides a quantitative and accurate measurement of the charge density in the needle, with no ambiguity or error, but with the precision of the measurement limited by statistical noise. The only approximation that we make comes at the stage of fitting the three different values of charge density to the measured line charge profile at the end of the needle. These three values of charge density are then used to infer the electric field and electrostatic potential around the needle on the assumption of cylindrical symmetry.
The electric field measurements described in the present study can be combined with microstructural and compositional information about APT needles obtained using other TEM techniques. 42, 43 In principle, the methods that we describe can be extended to study the effect on the electric field of the presence of dielectric regions embedded in the needle. 11, 26 Such studies may require the use of tilt series of electron holograms combined with inverse modelling 44 and may find future applications in studies that combine APT and TEM within the broader materials characterisation toolbox. 45, 46 
V. CONCLUSIONS
We have shown how the charge distribution along an Fe atom probe needle can be measured, using either a modelindependent or a model-based approach, from an electronoptical phase image recorded using off-axis electron holography in the TEM. The model-independent approach requires careful subtraction of the mean inner potential and magnetic contributions to the recorded phase shift. This subtraction was achieved by applying different bias voltages to the specimen and taking differences between the resulting phase images. The application of the model-independent approach provided a measurement of the charge inside the atom probe needle and revealed the presence of charge accumulation at its apex. The results were found to be consistent with those obtained using a model-based approach that involves fitting the phase shift associated with a line of constant charge density to the experimental phase outside the boundary of the needle. On the assumption of cylindrical symmetry, the measured charge distribution was used to determine the three-dimensional electric field and electrostatic potential outside the needle with $10 nm spatial resolution, without needing to consider either the influence of the perturbed reference wave or the extension of the projected potential outside the field of view of the electron hologram.
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